Large artery stiffening, reflected by low distensibility and compliance, impairs the ability of the arterial system to cushion pulsatile pressure [1±3]. Arterial stiffening results in a higher pulse wave velocity and earlier wave reflections. This increases systolic and pulse pressure and consequently cardiac workload [2, 3] .
terial stiffness variables and fasting insulin are stronger in women than in men [20] .
Insulin resistance is also associated with several metabolic and haemodynamic disturbances, i. e. dyslipidaemia, visceral fat accumulation and hypertension [22] . Arterial stiffness has been shown to be positively associated with blood pressure [19, 23, 24] , visceral fat accumulation [25] and plasma concentrations of triglycerides [18, 26] and non-esterified fatty acids [26] and negatively with plasma concentrations of HDL-cholesterol [19, 24] . By contrast, young obese subjects can have a decreased arterial stiffness compared to non-obese subjects [27] . It is not known, however, whether these associations are also present in healthy, young, non-obese subjects, since previous studies included middle-aged subjects [18, 20, 23±26] , obese subjects [18±20, 23±27], and patients with Type II diabetes [26] . Moreover, previous studies did not include all these measurements in one statistical model and used fasting insulin concentrations as an estimate of insulin sensitivity [18±20] .
We therefore investigated the associations between arterial distensibility and compliance of the elastic common carotid and muscular femoral arteries and insulin sensitivity in healthy, young, nonobese men and women. We aimed particularly to examine whether this association was independent of the mean arterial pressure (MAP), lipid concentrations and body composition. Insulin sensitivity and fat distribution were assessed with the gold standard, i. e. the euglycaemic hyperinsulinaemic clamp [28] and magnetic resonance imaging technique respectively.
Subjects and methods
Subjects. Seventeen male and 17 female healthy, young (0 £ 40 years old), white subjects participated in the study. Subjects with a BMI (weight/height 2 ) greater than 26 kg/m 2 were excluded. All subjects were free of hypertension, diabetes mellitus and cardiovascular disease according to their medical history, physical examination, and laboratory tests. None reported taking medicine known to affect blood pressure, lipid metabolism or insulin sensitivity. We measured haemodynamic variables (arterial diameter [D] , distension [dD] , distensibility coefficient [DC] , compliance coefficient [CC] , and MAP), insulin sensitivity (fasting glucose and insulin concentrations and glucose uptake), plasma lipids and body composition (BMI, waist-to-hip ratio, lean body mass, total body fat, and abdominal subcutaneous and visceral fat area). For logistical reasons, some measurements were not obtained for all subjects (Table 1) . Blood samples were obtained in the morning between 0930 and 1030 hours after an overnight fast, to measure plasma insulin (with a immunoradiometric assay; coefficient of variation intra-assay, 5 %, interassay, 7 %; Biosource Diagnostics, Fleurus, Belgium) and glucose (using standard laboratory methods). Enzymatic colorimetric methods were used to measure plasma concentrations of high-density lipoprotein (HDL) cholesterol after phosphotungstic acid/magnesium chloride precipitation, triglycerides (Boehringer Mannheim, Mannheim, Germany), and non-esterified fatty acids (Wako Chemicals, Richmond, USA). The investigation conformed with the principles outlined in the Declaration of Helsinki. Informed consent was obtained from all subjects and the study was approved by the ethics review board of the Hospital Vrije Universiteit.
Haemodynamic measurements. The DC, reflecting the intrinsic vascular wall elasticity, and the CC, reflecting the buffering capacity of the vessel wall, can be reproducibly estimated with a noninvasive ultrasound system [29, 30] . All subjects refrained from smoking or consuming caffeine for at least 4 h before examination. All haemodynamic measurements were taken after Data are means ± SD at least 15 min of supine rest in a temperature-controlled, quiet room. The DC and the CC were calculated from the arterial diameter (D), the change in arterial diameter during the heart cycle (dD) and pulse pressure (dP) as follows: DC = (2*dD)/ (D*dP) and CC = (p*dD*D)/(2*dP) [29, 31, 32] . The withinsubjects coefficients of variation for DC and CC were 7.7 % and 8.3 % for the common cartoid artery and 17.0 % and 15.2 % for the femoral artery [30, 33] . All measurements were taken in the morning before 1100 hours in blinded fashion with respect to the other metabolic measurements by means of a vessel movement detector system (Wall Track System, Neurodata, Bilthoven, The Netherlands) consisting of an ultrasound imager (Ultramark IV, ATL, Bothell, USA) connected with a data registration and processing unit [29] . In short, a longitudinal section of the vessel was obtained in B-mode with a 7.5 MHz transducer. Using the M-mode, the vessel movement detector system repeatedly registered the vessel wall distension and diastolic diameter during a period of 5 to 6 seconds. The registrations were made 10 mm proximal of the right femoral artery bifurcation and the right carotid artery bifurcation.
On the left arm, the MAP was measured directly, and systolic and diastolic blood pressures were calculated with an automatic oscillometric device (BP-8800, Colin, Hayashi Komaki City, Japan). The difference between the diastolic and systolic blood pressure (dP) was calculated. The blood pressure was not assessed at the site of diameter measurements in the common carotid artery and femoral artery, but it has been shown that the brachial pressure provides a relatively good non-invasive approximation [34] . (In this group of subjects we also measured the brachial artery DC and CC but we have not presented the results on these measurements because the large coefficients of variation of these measurements precluded a meaningful analysis). Data of the measurement of the femoral artery, another muscular artery, provided information on the relations with muscular artery stiffness.
Body composition. The lean body mass (LBM) and the total body fat were estimated using bioelectrical impedance analysis (BIA 101/S, RJL Systems, Clinton Twp, Detroit, Mich., USA) [35] . In addition, body circumferences were measured in duplicate with a flexible plastic tape at the level of the abdomen (midway between the lower rib margin and the iliac crest) and the hip (over the greater trochanters), to calculate the waistto-hip ratio. Since regional distribution of adipose tissue, especially the amount of visceral fat, could be an important risk factor for non-insulin dependent diabetes and coronary heart disease [36, 37] and differs between the two sexes [37] , we also assessed areas of abdominal subcutaneous and visceral fat depots using a magnetic resonance imaging technique [38] . Also, preferential accumulation of fat takes place in the two sexes: the visceral depot (android obesity) in men and the subcutaneous depots (gynecoid obesity) in women. Repeated measurements were obtained using the same magnetic resonance imager and scanning variables within a week of the haemodynamic measurements. An inversion recovery pulse sequence was used and appropriate scanning variables were chosen to obtain good image contrast between adipose and other tissues. Three transverse images were taken at the abdominal level: one at the anatomical marker (lower edge of the umbilicus), one above and one below this position (slice thickness: 10 or 12 mm, dependent on the imager). The image-analysing computer program (developed by our Department of Biomedical Engineering) is based on a seed growing procedure. In short, after a seed point is placed in the abdominal subcutaneous or the visceral fat depot, this depot can be circumscribed by selection of a pixel intensity range. The intensity range is selected for each image separately according to the pixel intensity histogram. The areas of the circumscribed abdominal subcutaneous and visceral fat depots were calculated by converting the number of pixels to cm 2 and the average of the three abdominal images was taken. To reduce variability, all measurements were taken by one experienced observer. The intraobserver coefficients of variation were 2.3 % for abdominal subcutaneous fat and 9.8 % for visceral fat [38] .
Euglycaemic hyperinsulinaemic clamp. Insulin sensitivity was measured within a week of the haemodynamic measurements using a euglycaemic hyperinsulinaemic clamp technique [28] which started in the morning between 0930 and 1030 hours after an overnight fast, on the same day of the blood sampling. Two intravenous catheters were placed in contralateral antecubital or antebrachial veins of each arm, one for blood withdrawal and the other for insulin and glucose infusion. The insulin solution for intravenous infusion was prepared by adding 0.5 ml human insulin (100 U/ml; Velosulin, Novo Nordisk A/S, Bagsvaerd, Denmark) and 4.5 ml human albumin 20 % (Central Laboratory, Amsterdam, The Netherlands) to 45 ml isotonic sodium chloride 0.9 %, to a final insulin concentration of 1 U/ml. The insulin infusion rate, calculated per kg LBM, was 62.5 mU × kg LBM ±1 × h ±1 . The clamp procedure was started 30 min after cannulation. After the start of the insulin infusion, arterialized blood glucose concentrations were measured every 5 min using a YSI Glucose Analyser (glucose oxidase method; Yellow Springs, Ohio, USA). The glucose 20 % infusion rate was adjusted to maintain blood glucose concentration at the fasting level (i. e. mean blood glucose concentration 30 min before the start of the insulin infusion). Glucose uptake was calculated from the steady-state glucose infusion rate in the second hour and the LBM, i. e. M-value (mg × kg LBM ±1 × min ±1 ).
Statistical analysis. Data are given as means ± SD. Variables with a skewed distribution (abdominal subcutaneous fat area and plasma triglyceride concentrations) were logarithmically transformed before analysis to normalize their distributions. To compare differences between men and women, Student's t-test and a linear regression model were used. We used a linear regression model with independent variables chosen on the basis of pathophysiological assumptions to analyse associations of haemodynamic measurements (DC, CC, dD, D, or the dD/dP index) with elements of the insulin resistance syndrome (MAP, glucose uptake, BMI, waist-to-hip ratio, LBM, total body fat, abdominal subcutaneous fat area, visceral fat area, and plasma concentrations of glucose, insulin, HDL-cholesterol, triglycerides and non-esterified fatty acids). Regression coefficients were standardized (b), i. e. partial regression coefficients when all variables were expressed in standardized (z score = [value ± mean]/standard deviation) form. Interaction terms of these variables with sex were also studied. A stepwise regression model corrected for sex was used to analyse the association between diameter and variables of body composition. Two-sided p less than 0.05 was considered statistically significant. The software used was SPSS for Windows 7.0 (Chicago, Ill., USA).
Results
In the study group, the men, compared with the women, were on average 5 years older, had a larger femoral and common carotid artery diameter, higher MAP, lower HDL-cholesterol, and lower total and abdominal subcutaneous body fat ( Table 1) . The DC and CC of the common carotid artery and the femoral artery did not differ between men and women (Table 1). After controlling for age, MAP, HDL-cholesterol, and total and abdominal subcutaneous fat mass, the CCs of the femoral and common carotid arteries were, however, higher in men than in women (p = 0.05 and p = 0.009).
In the femoral artery, DC and CC were inversely related to MAP and insulin concentrations. In addition, DC was positively related to glucose uptake and CC positively to the abdominal subcutaneous fat area (Table 2 ). In the common carotid artery, DC and CC were inversely related to MAP. In addition, DC was inversely related to the visceral fat area (Table 2). Because diameter is a major determinant of DC and CC, we next analysed associations between diameter and variables of body composition. Diameter was positively associated with all indices of body size (Table 3) . Stepwise linear regression analyses indicated that lean body mass was the only significant determinant of femoral artery diameter, whereas visceral fat area was the only appreciable determinant of common carotid artery diameter (Fig. 1) .
We next analysed men and women separately. In women, but not in men, the dD, DC and CC of the femoral artery were inversely associated with fasting insulin concentrations and positively with glucose uptake (Fig. 2) . Interaction analysis showed that only the association between the CC of the femoral artery and the insulin concentration was stronger in women than in men (p = 0.03). In women, the associations of the dD and DC of the femoral artery with glucose uptake were independent of smoking status, age, lipid concentrations and body composition, whereas the association of the CC of the femoral artery showed a As the variables of body composition were strongly associated with the arterial diameter, we next reanalysed the previously mentioned significant associations of DC and CC with variables of body composition and insulin sensitivity with the dD/dP index instead of the DC or CC. The associations of the femoral artery dD/dP index in women with insulin concentrations and insulin sensitivity were significant (b = ±0.65, p = 0.005 and b = 0.64, p = 0.01), whereas the associations of the femoral artery and common carotid artery dD/dP index with variables of body composition were not.
Discussion
This study investigated the associations between the DC and the CC of large arteries with elements of the insulin resistance syndrome in a healthy, non-obese group of young men and women. Our main finding was that, in women, the DC and the CC of the femoral artery were negatively associated with insulin concentrations and positively with glucose uptake, but not so in men. This association was shown to be independent of the mean arterial pressure, lipid concentrations and body composition. Since this is a crosssectional study, it is not possible to establish a causal relation between insulin resistance and femoral artery stiffness. Taking this into consideration, what might explain this association? Firstly, an underlying disturbance of cellular cation transport could provide a link between arterial stiffness and insulin resistance [25, 39] . This would increase intracellular sodium and free calcium concentrations and decrease those of intracellular free magnesium, which would promote vasoconstriction and arterial stiffening [25] and could also regulate cellular responsiveness to insulin [39] . This idea is consistent with the finding that insulin sensitivity was associated with arterial stiffness in the muscular femoral artery, but not in the elastic common carotid artery. Secondly, mean blood pressure is a determinant of distensibility and compliance [19, 23, 24] . Further, hypertension is associated with resistance to the action of insulin to stimulate glucose uptake in skeletal muscle [40, 41] . Therefore, it is noteworthy that insulin resistance and femoral artery stiffness were still associated after adjustment for MAP. Thirdly, arterial stiffening could be the result of vessel wall thickening [42] . Common carotid artery wall thickness is positively related to insulin concentrations [43] and an estimate of insulin resistance [44] . Moreover, insulin could induce vascular smooth muscle hypertrophy [45] , at least in experimental conditions, and insulin receptors have been found in the arterial wall [46] .
A previous study also found stronger correlations between arterial stiffness and fasting insulin concentrations in women than men [20] . In our study, how- ever, insulin sensitivity was assessed directly using the euglycaemic hyperinsulinaemic clamp technique. Our findings suggest that the effect of insulin resistance on arterial stiffening is more pronounced in women than in men. In one recent study [13] , but not in other studies [11, 12] , fasting insulin concentrations were associated with coronary heart disease in women, but not in men. Data supporting a sex difference in arterial stiffness are contradictory. Measurement of pulse wave velocity, an estimate of regional arterial stiffness, indicates that arteries in men are stiffer than those in premenopausal women [47, 48] but local artery stiffness of the common carotid artery, measured by ultrasound, was less in men than in women for DC and CC in one study [49] , for dD/ D, but not for DC, in another study [50] and for CC, but not for DC, in this study. The shorter height in women compared with men is related to earlier wave reflections and, therefore, could relatively increase pulse pressure in women [51] . In addition, a smaller body mass is related to a smaller artery caliber in women than men. A smaller artery diameter together with a larger pulse pressure, could have resulted in a smaller CC in our female subjects. The DC, the intrinsic arterial elastic property that could be most directly linked to cardiovascular risk, did not differ, however, between women and men in our study. Insulin sensitivity also differed between the sexes in previous studies. Women showed a higher glucose uptake rate after adjustment for LBM than men [52, 53] . The total and relative muscle mass is smaller in women than men and skeletal muscle consumes the majority of glucose under clamp conditions [53] . Since the insulin infusion rates were calculated per kilogram total body mass [53] or per square meter of body surface [52] , the sex difference might be ascribed to a relatively larger insulin infusion rate in women than in men. In contrast, we did not find a sex difference in the glucose uptake rate after adjustment for LBM, probably because the insulin infusion rate was also calculated per kilogram LBM. The arterial diameters of the femoral artery and common carotid artery were associated with most variables of body composition (Table 3) . On the one hand, the femoral artery diameter was strongly related to the lean body mass, which may be related to the association of LBM with leg musculature. A previous study found the femoral artery diameter to be larger in trained cyclists than in sedentary men [54] . On the other hand, common carotid artery diameter was strongly associated with the visceral fat area. The CC of the femoral artery in men and the CC of the common carotid artery in women were positively associated with body fat. Moreover, the DC of the common carotid artery in men and women pooled was inversely associated with the visceral fat area. Further analysis showed that all the associations with DC and CC were explained by the association between body fat and arterial diameter, which is part of the numerator of the CC and the denominator of the DC. An increased arterial diameter may thus account for the increased arterial compliance that was found in young, obese men compared to lean control subjects [27] . As the muscle and fat mass increases, so will the requirements for blood volume. In these circumstances, a hyperdynamic circulation with reduced systemic vascular resistance can be found [55, 56] and an increased arterial diameter and buffering capacity of the arterial system might be required. Alternatively, fat cells could produce vasoactive mediators that influence arterial diameter.
A limitation of our study was that local pulse pressure was not measured. Pulse pressure, however, did not seem to modulate the association between femoral artery stiffness and insulin sensitivity, as illustrated by the association between arterial distension (not corrected for pulse pressure) and insulin sensitivity in women and not in men. Also, diameter rather than pulse pressure appeared to modulate the associations between femoral and common carotid artery stiffness with variables of body composition. Another limitation is that we have no data on wave reflections, which have a strong influence on pulse pressure and, therefore, on arterial distension. The inclusion of only young, non-obese subjects is expected to have limited the influence of wave reflections, which, in youth, return to the left ventricle during diastole rather than systole [2] .
The results of our study show that insulin sensitivity was associated with distensibility and compliance of the muscular femoral artery in healthy, young, non-obese women, but not in men. It remains to be established if insulin resistance is causally related to arterial stiffness before diabetes becomes clinically manifest. In addition, arterial compliance was positively associated with fat mass variables, which were mediated by an increased arterial diameter.
